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The temperature and pressure dependence of the upper critical field, Hc2, of the ferromagnetic supercon-
ductor UGe2 is reported for fields applied along all three crystallographic axes. For fields parallel to the easy
magnetic a axis, the relationship between an unusual reentrant behavior of Hc2 and a field-induced transition
associated with a change in the electronic density of states is reviewed. For transverse field directions a
significant evolution in the behavior of Hc2 with pressure is found. As the pressure is decreased the dependence
of Hc2 on temperature for fields along the crystal’s c axis acquires a positive curvature that extends from the
critical temperature, Tc , down to almost the lowest temperature measured (Tc/10) where Hc2 exceeds the
usual weak coupling paramagnetic and orbital limits.
DOI: 10.1103/PhysRevB.64.220503 PACS number~s!: 74.70.Tx, 74.25.Dw, 75.50.Cc
UGe2 is a material in which superconductivity and itiner-
ant ferromagnetism have been demonstrated to coexist1,2 in
single crystals with a Curie temperature that is substantially
higher than the superconducting transition temperature (Tc
;0.8 K and TCurie;35 K at 12 kbar!. Both states exist over
a relatively wide range of applied pressures ~11—16 kbar!
and apparently disappear simultaneously at an upper critical
pressure, Pc;16 kbar.
Theoretically, the possibility of finding spin triplet super-
conductivity near to a ferromagnetic quantum critical point
was pointed out a long time ago.3,4 However, the original
scenario considered the divergence of magnetic fluctuations
close to a second order quantum critical point, while it has
been argued2,5 that in UGe2 the ferromagnetic transition be-
comes first order just below Pc . Although the associated
ferromagnetic fluctuations could still favor the formation of
spin triplet Cooper pairs, the maximum interaction obtain-
able is less than for a second order transition. Experiments,
however, suggest that there could be a further phase bound-
ary within the ferromagnetic state.5,6 Even though the asso-
ciated order parameter has not been identified, the observa-
tion that the superconducting critical temperature is highest
near to the critical pressure (Px;12.5 kbar! necessary to
suppress the transition suggests that it is intimately related to
the pairing interaction. Whatever the pairing mechanism,
odd-parity spin triplet superconductivity might be expected
since the spin majority and minority Fermi-surfaces are very
strongly split in the ferromagnetic state. Since time invari-
ance is already broken by the ferromagnetic order, the super-
conducting state is necessarily nonunitary,7 as suggested
from measurements of the flux-flow resistivity.2 This situa-
tion resembles that of the A1 phase of superfluid 3He. Dif-
ferences from the case of 3He are expected since apart from
the obvious change to charged particles, the presence of a
strong crystal field can modify the orientation and symmetry
of the order parameter.
Measurements of the upper critical field provide a power-
ful method to help confirm whether the superconductivity is
indeed spin triplet. Such measurements have previously led
to a hypothesis of triplet pairing in the heavy fermion super-
conductor UPt3 ~Refs. 8–11! and in the quasi-one-
dimensional organic compound (TMTSF)2PF6.12,13
Our measurements of Hc2 along the three principal crys-
tallographic directions of orthorhombic UGe2 cover three
different pressure ranges: just below and above Px and close
to Pc . The measurements were performed in a nonmagnetic
piston-cylinder-type pressure cell. Hc2 was determined from
the electrical resistivity measured by the usual four terminal
method with an ac current ~10 or 100 mA at 11.7 Hz! passed
along the length of the sample and parallel to its a axis. Hc2
was taken as the midpoint of the superconducting transition
crossed by either changing the field ~several examples are
shown in the inset of Fig. 1! or the temperature; our conclu-
sions do not depend on the particular choice of criteria, ex-
cept for Hic at 15 kbar, where there was a strong depen-
dence on field history, which will be described later. Hc2 was
measured parallel to the a and b directions at exactly the
same pressures without heating the cryostat above liquid he-
lium temperatures. To make measurements with Hic it was
necessary to warm the cryostat and pressure cell to room
temperature and change the magnet. This thermal cycle gave
rise to a small change of pressure ~determined by measuring
the superconducting transition of a tin strip in the cell prior
to application of any field!, that was sufficient to change
slightly the superconducting critical temperature of the UGe2
crystal. To facilitate comparison we therefore show in Fig. 1
the temperature dependence of the upper critical field nor-
malized to Tc for all three principal orientations of the mag-
netic field plotted against T/Tc for the three distinct pressure
ranges considered. The corresponding values of Tc are given
in the figure caption, while the zero field transitions have
been reported elsewhere.14
We discuss first Hc2
a
, the upper critical field for a field
applied parallel to the easy magnetization direction (a axis!,
since a field applied along this direction gives rise to distinct
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phenomena in the normal state, and therefore requires special
consideration. In zero magnetic field, just below 12.5 kbar
there is a sharp transition in the temperature dependence of
the normal state resistivity and magnetization at a tempera-
ture Tx @the latter is also visible in a neutron study at 9.5 kbar
where Tx515 K ~Ref. 2!#. Tx decreases with pressure and
vanishes at Px512.5 kbar. There is a drop in the residual
resistivity ~20%!, a sharp ~300%! increase in the coefficient
of the temperature dependent part of the resistivity ~which
remains quadratic at low temperature!,2 and an increase in
the low temperature specific heat15 as P is increased through
Px . These observations suggest that the transition marks a
change of phase to a state with a higher electronic density of
states above Px . Although such observations are consistent
with the suppression of a supposed charge- and spin-density
wave ~CDW/SDW! with pressure and temperature, no direct
evidence ~e.g., from neutron scattering! has been forthcom-
ing to confirm such a hypothesis. A CDW necessary implies
a SDW because of the large splitting between the majority
and minority spin Fermi surfaces in the ferromagnetic state.
In this case an increase of magnetization M (T) below Tx
could arise as a result of mode coupling between M, SQW and
N2QW , where SQW and N2QW are the SDW and CDW order
parameters with ordering vectors 6QW .16
The consequence of the above for Hc2
a follows from the
sensitivity of Tx to a magnetic field parallel to the easy axis.
The superconducting transition temperature is determined in
a strong coupling formalism by the spectral weight of the
Bose excitations that mediate the pairing interaction. In a
simplistic model this can be described by a Lorentzian func-
tion, g2F(v)5l(G/p)@v/(v21G2)# . Then the number of
parameters is reduced to three: a coupling constant, l , the
Fermi energy ~assumed constant!, and the Lorentzian width,
G , of this distribution. With the approximation that the same
Bose spectrum accounts for the entire renormalization of the
electronic density of states from its value at P50, l(P) is
simply proportional to the excess specific heat as a function
of pressure, which can be estimated from the data of Tateiwa
et al.15 G(P) is then determined by the pressure dependence
Tc(P). To understand the measurements of Hc2a (T), P is
replaced by P˜ (H) obtained by inverting the relationship
Tx(P ,H)5Tx(P˜ ,0) based on the field dependence of Tx at
11 and 13.5 kbar and the zero field dependence of Tx(P).14
The upper critical field at different pressures can then be
calculated. The results of such a calculation are shown in
Fig. 2. Despite the oversimplistic nature of the above analy-
sis, it is apparent that the strange discontinuous behavior of
Hc2
a for P just above Px seen experimentally at 13.5 kbar is
qualitatively reproduced by this model and can therefore be
attributed to a rapid evolution of G and l as the critical
condition Tx→0 is approached by application of a field. By
the same argument there should also be an enhancement of
Hc2
a at 15.3 kbar (P.Px) and a small depression of Hc2a at
11.4 kbar (P,Px) at low temperatures. This is consistent
with the data: at 11.4 kbar Hc2
a (T) has a stronger curvature
than Hc2
b (T) at low temperature and Hc2a (0),Hc2b (0),
whereas the situation is reversed at 15.3 kbar. No evolution
FIG. 1. The upper critical field normalized to the superconduct-
ing transition temperature, Hc2 /Tc , is plotted against temperature,
T/Tc , for applied fields parallel to the a, b, and c axes. The top and
middle panels are, respectively, for pressures slightly below and
above Px , while the bottom panel corresponds to a pressure close
to the critical pressure to suppress ferromagnetism ~and supercon-
ductivity!, Pc . The critical temperatures at the various pressures are
0.757, 0.685, 0.466, 0.403, 0.258, and 0.225 K at 11.4, 12, 13.2,
13.5, 15, and 15.3 kbar. The solid lines are fits to a strong coupling
calculation described in the text, while the dashed lines serve only
to associate the points. The inset shows resistivity versus magnetic
field at temperatures from 0.1 to 0.6 K in steps of 0.05 K at 12 kbar
for Hic .
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of Tx for applied fields perpendicular to the easy axis has
been observed and the above considerations therefore will
not modify the form of Hc2 for these directions.
After accounting for the particular effects described in the
previous paragraph, the upper critical field Hc2
c is seen to be
systematically larger than Hc2
b and Hc2
a ~except perhaps very
close to Tc). In our data the critical field refers to the applied
field which could differ from the total field by up to m0M
,0.2 T where M is the sample magnetization in the ferro-
magnetic state. The additional field due to the magnetization
of the sample can explain an apparent down turn of the Hc2
curves for H,0.1 T close to Tc . To avoid this complication
all of the following analysis is restricted to data in fields
above 0.1 T, where to a first approximation the difference
between the applied field and total field can be neglected.
The anisotropy of dHc2 /dT close to Tc can then be ex-
pressed in terms of an anisotropic effective mass tensor
mi j
21}^v f iv f jD2& such that (dHc2 /dT)x /(dHc2 /dT)y
}Amyy/Amxx ~where x, y are principal axis!. The mass ten-
sor depends on the Fermi-surface averages ~denoted by ^&)
of different components of the Fermi velocity (v f i) and the
superconducting gap, D . The Fermi-velocity anisotropy can
eventually be estimated experimentally from the anisotropy
of the temperature dependence of the resistivity in the nor-
mal state measured with currents along different crystal di-
rections. From our data the limiting value of dHc2 /dT ~de-
duced from the data above 0.1 T! decreases strongly with
pressure. The corresponding coherence lengths, j , at 11–12
kbar are all within 25% of 100 Å. While the anisotropy be-
tween the a and b axis is hardly changed at 15 kbar, a
marked anisotropy with respect to the c axis becomes appar-
ent with ja’210 Å, jb’140 Å, and jc’700 Å. In addition
at 15 kbar there is a large hysteresis in Hc2c on cycling the
field. Figure 3 shows that the transition to the normal state in
increasing field occurs at a lower field than in a decreasing
field. This suggests that there are differently oriented mag-
netic domains with different apparent Hc2’s depending on
the relative alignment of the applied field to the domain di-
rection. In the low pressure magnetic structure the ordered
moments are, however, locked to the a axis, whereas the
hysteresis for P’Pc occurs only for Hic . This hints that
close to Pc , a rotation of the moment in the ac plane might
occur. The unusual hysteresis is not visible for the other field
directions or at lower pressure.
The curves for Hc2
c (T) are also remarkable at lower pres-
sures, where they show an unusual positive curvature and
Hc2
c (0) is much larger than given by both the usual weak
coupling orbital and paramagnetic limits. A positive curva-
ture of Hc2 has been seen in other superconductors, notably
in Tl2Ba2CuO6,17 the organic material (TMTSF)2PF6,12 and
in the heavy fermion material UBe13 ,18 although for
Tl2Ba2CuO6 Hc2 does not exceed the paramagnetic limit.
(TMTSF)2PF6 is extremely anisotropic and the low dimen-
sionality of the Fermi surface in high fields is proposed to
lead to the reestablishment of superconductivity above the
usual orbital limit,13 although the exact form of the Hc2
curve is predicted to be very sensitive to the purity of the
material.19 The anisotropy of Hc2 manifest in this and other
organic materials where such explanations might be appro-
priate is however orders of magnitude larger than for UGe2.
Therefore, the explanation put forward for a strong curvature
of Hc2 in the cubic material UBe13 appears more relevant to
the present case. Thomas et al.18 proposed that in UBe13 the
coupling parameter, l , is extremely large which can give
both a large Hc2(0) and a positively curved temperature de-
pendence. Hc2 is required ~as observed in UBe13) to saturate
and have negative curvature in this model at very low tem-
peratures in contrast to the models that apply to
(TMTSF)2PF6. The details of the form of Hc2 calculated for
strong coupling depend upon the details of the Bose spec-
trum and its coupling to the electrons to give pairing. How-
ever, a simple estimate in an extreme case where the spec-
trum is a d function at finite frequency ~an alternative form
to the Lorentzian centered at zero frequency considered ear-
lier! can be made as outlined by Bulaevskii20 in terms of the
coupling parameter l , where l!1 again gives the weak cou-
pling BCS result.21 In such a model with isotropic pairing the
form of the curve is completely determined by the low tem-
perature limiting field and the slope of the upper critical field
near to Tc . The calculation should be regarded as illustra-
tive, serving only to give a taste of the forms that might be
FIG. 2. Hc2(T) for Hia calculated taking into account the field/
pressure dependence of the transition at Tx ~see text for explana-
tion!.
FIG. 3. Hc2(T) for Hic at 15 kbar determined from both tem-
perature and field sweeps is shown to illustrate the unusual hyster-
esis ~see the inset! between the increasing and decreasing field mea-
surements.
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compatible with a more realistic pairing spectrum and taking
into account the gap anisotropy. With Bulaevskii’s model20
we cannot explain the anisotropy of Hc2 along different di-
rections ~different l’s would be required! but we can get an
idea of how the coupling strength might evolve with pres-
sure. Fits to the experimental data for Hc2
c are shown in Fig.
1 as solid lines, where the values of the parameter l are 14,
7, and 1.7 at 12, 13.2, and 15 kbar, respectively. Unlike for
UBe13 , good fits are obtained only if Pauli limiting is ex-
cluded in the calculation as would be appropriate for certain
spin triplet states. For a spin triplet state another higher lim-
iting field occurs due to the effect of the field on the nonzero
orbital momentum of the Cooper pairs,22 Hl5(m*/m)Hp
~where m*/m is the effective electron mass compared to the
bare mass and Hp is the usual paramagnetic limiting field!.
Since m*/m is at least 3 in the pressure range where super-
conductivity is observed, this limit is not quite attained.
In this paper we have reported that at pressures close to
Px , Hc2 significantly exceeds both paramagnetic and orbital
limits that would apply to a weakly coupled s-wave super-
conductor. Further, the paramagnetic limit appears to be ex-
ceeded even for the case of strong coupling. The lack of
paramagnetic limitation argues against a hypothesis of
s-wave pairing, but is consistent with triplet superconductiv-
ity. Although the necessary parameters to make complete cal-
culations including the anisotropy of the pairing interaction
and Fermi surface are not yet established, it is clear that the
positive curvature of Hc2(T) contrasts with the usual depen-
dence for phonon mediated superconductors, but bears some
similarity with the heavy fermion material UBe13 , sugges-
tive of a very strong coupling. Thus although phonons could
still contribute to pairing, other pairing interactions related to
the strongly correlated electronic state might play a signifi-
cant role. The strength of the coupling appears to decrease
rapidly and the coherence lengths become larger as one
moves away from the critical pressure Px . This relationship
is most dramatically demonstrated by the results for Hc2
a
where the extreme sensitivity of Tx to field parallel to the
easy axis gives rise to an unusual reentrant behavior of the
superconductivity. Finally, close to Pc an unusual hysteresis
of Hc2
c occurs, which suggests that the applied field required
to suppress superconductivity is different in differently ori-
ented magnetic domains. The observation of hysteresis only
for fields parallel to the c axis, however, is surprising given
the Ising-like anisotropy of the magnetism at lower pressures
where the ordered moments have been shown to be aligned
to the a axis.
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